Gonadectomy is avoided whenever possible in boys with 45,X/46,XY. However, no clinical markers are currently available to guide clinicians in predicting gonadal tumor risk or hormone production.
S
ex chromosome mosaicism (45,X/46,XY and variants) occurs with an estimated incidence of 1.5 per 10,000 (1) and may be due to loss of the Y chromosome through anaphase lag or to interchromosomal rearrangements with final loss of a structurally abnormal Y chromosome. The clinical spectrum is highly heterogeneous, with no obvious correlation between the phenotypic appearance and the respective cell line counts on routine peripheral blood karyotyping (1) (2) (3) or even on the basis of gonadal cell line counts (4) . Up to 95% of individuals may live undiagnosed as normal males (1) . However, ambiguous genitalia in a newborn but also mild undervirilization (e.g. hypospadias) in boys or even typical Turner syndrome in girls may be associated with 45,X/46,XY mosaicism (3) .
Individuals with 45,X/46,XY, as some other patients with a disorder of sex development (DSD), more specifically those who have (a specific part of) the Y chromosome in their karyotype (eventually only at the gonadal level) are at increased risk for the development of malignant germ cell tumors (5, 6) , referred to as type II germ cell tumors (7) (see Ref. 8 for a review). This has been related to the presence and aberrant expression of the testis-specific protein on Y (TSPY) gene, proximal on Yp (9 -13) .
The recent change in attitude toward clinical management of DSD patients, with increased emphasis on a conservative approach, and the delay of irreversible surgery until adulthood (14 -17) has created doubt concerning the optimal approach with regard to gonads at risk for malignant transformation, e.g. in individuals with 45,X/ 46,XY mosaicism and male gender. Gonadectomy is not the treatment of choice in these patients, but on the basis of a review of the relevant literature, tumor risk in 45,X/ 46,XY individuals has been reported to be around 15% (8) . However, clinical experience suggests a much lower incidence in 45,X/46,XY Turner syndrome girls. On the other hand, recent research has identified undifferentiated gonadal tissue (UGT), for which 45,X/46,XY is a known risk factor, as the precursor lesion for gonadoblastoma (18, 19) . More generally, on the basis of pathological studies in gonadal samples from DSD patients, it has been demonstrated that a disturbed process of gonadal development, affecting Sertoli or granulosa cell differentiation and function, results in insufficient microenvironmental stimuli for the germ cells and hence in a delay or block in their maturation. Immature germ cells are immunohistochemically characterized by increased TSPY expression and prolonged expression of embryonic germ cell markers, including the octamer binding transcription factor 3/4 (OCT3/4), encoded by the gene Pit-Oct-Unc domain class 5 transcription factor 1 (POU5F1) (18, 20 -23) , a condition that has been linked to malignant transformation and proliferation (13) . The precise function of TSPY remains unknown. However, its aberrant expression has been related to increased proliferation of germ cells and oncogenic activity (10 -12, 24 -26) . In embryonic stem cells, OCT3/4 is involved in the maintenance of pluripotency (27, 28) , but in primordial germ cells, the experimental data rather suggest a role in their survival (29) . In this context, the position of the OCT3/4 positive germ cells within the testis tubule is of relevance: a luminal position corresponds to simple maturation delay, whereas a position on the basal lamina points at resistance to apoptosis of a nonphysiological immature germ cell (20) . Immunohistochemical staining for the c-KIT ligand stem cell factor (SCF; also known as KITLG), which is of pathogenetic relevance in the development of germ cell tumors (30, 31) , constitutes an important additional marker supporting the differential diagnosis between maturation delay and neoplastic transformation of germ cells because SCF positivity is consistently detected in carcinoma in situ (CIS), gonadoblastoma, and testicular germ cell tumor but not in testes with maturation delay (32, 33) . Thus, recent research has provided us with tools to detect not only the early pathogenetic stages of CIS and gonadoblastoma but also to identify premalignant lesions and germ cells at risk for neoplastic transformation, allowing to predict tumor development in gonadal biopsy samples and prophylactically removed gonads at a young age (8, 19, (33) (34) (35) .
The present study was designed to refine our knowledge on tumor risk in the highly heterogeneous condition, which is 45,X/46,XY mosaicism. Specifically we examined whether a precise description of the clinical phenotype could be supportive in optimal patient management, including gonadal surgery and follow-up for tumor risk.
Materials and Methods

Collection of gonadal samples and clinical data
Most samples (n ϭ 75, from 39 patients), obtained by biopsy or gonadectomy, were retrieved from the archives of the pathology departments of the Erasmus Medical Center Rotterdam, the University Hospital Ghent, and the University Hospital Motol, Prague. Samples were reviewed by M.C., J.P., and J.W.O., experienced in gonadal histology and germ cell tumor pathology. corresponding clinical data were provided by the treating pediatric endocrinologists. Patients were classified into three groups, based on the external masculinization score (EMS), which represents a clinical scoring system (based on the position of the gonads, length of the phallus, presence of scrotal fusion, and position of the urethral meatus) to quantitatively assess the degree of undervirilization in DSD patients (36) . The EMS was calculated from data of the first clinical presentation: group 1, mild undervirilization, EMS 7-12; group 2, ambiguous phenotype, EMS less than 7; and group 3, female phenotype, representing in fact girls with Turner syndrome (without clitoromegaly).
Immunohistochemical staining
Tissue fixation was performed with 10% formalin for 24 h, followed by paraffin embedding and preparation of slices of 3 m thickness. For immunohistochemistry, heat-induced antigen retrieval was applied in all stainings. OCT3/4 (Santa Cruz Biotechnology, Santa Cruz, CA), dilution 1:350; for pretreatment H 2 O 2 for 5Ј ϩ biotin blocking was used; the incubation time was 2 h at room temperature; the secondary antibody was biotinylated rabbit-antimouse. TSPY (kindly provided by Professor C. Lau, Department of Medicine, VA Medical Center, University of California, San Francisco, CA) was used at a dilution of 1:3000; incubation time was overnight at 4 C; the secondary antibody was swine-antirabbit, biotin labeled. SCF (Santa Cruz Biotechnology) was used at a dilution of 1:350 to 1:500, with an incubation time of overnight at 4 C; the secondary antibody was hoarse-antigoat, biotin labeled. Detection was performed using diaminobenzidine/H 2 O 2 (OCT3/4) or New Fuchsin/Naphtol ASMX phosphate (Sigma, Steinheim, Germany) (TSPY, SCF), and counterstaining was with hematoxylin.
Microscopy and assessment of tumor risk
Based on the general morphology, as assessed on hematoxylin-eosin (HE) staining, the samples were categorized as (dysgenetic) testis, UGT, ovary, streak, or a combination of these. The sample was considered to be at risk for germ cell tumor development if either an in situ neoplastic lesion (gonadoblastoma or CIS) or one or more indices for premalignancy (UGT, OCT3/4 positive cells on the basal lamina of testis tubules, or positive SCF staining) were present.
Statistical analysis
Results were analyzed with the SPSS software (version 15.0; Chicago, IL), comparison of categorical variables was performed using a Fisher exact test.
Ethics
The study was approved by the medical ethical committees of the University Hospital Ghent ( 
Results
An overview of the patients and samples is provided in Table 1 . The group of individuals with female phenotype is overrepresented, which probably relates to the finding that most 45,X/46,XY cases live undiagnosed (as normal males) (1). Surgery is delayed in this group due to later diagnosis (mostly because of short stature) than in groups with mild undervirilization and ambiguous phenotype. In 16 of 87 samples (18.3%), no gonadal tissue was found; hence, for these samples (further referred to as vanished), the gonadal position could not be determined.
In total, 84 gonadal samples were considered for further analysis; one sample was excluded because it was a gonadectomy specimen of a previously biopsied gonad and revealed no new findings. In one patient who received a left biopsy and a right gonadectomy, the EMS could not be determined based on available clinical information. For the different phenotypic groups, the gonadal position, as recorded during the biopsy/gonadectomy procedures, is represented in Fig. 1A . Figure 1B shows the prevalence of the various gonadal differentiation patterns in our series, and Fig. 1C represents the distribution of these patterns within each phenotypic group.
Scrotal gonads were all recognized as testes. Gonads in the inguinal position were mostly testes (72%), although UGT (18%) and streak (9%) were also encountered. Abdominal gonads mostly presented as streak tissue (68.5%), but interestingly, testis (20.5%) or a combination of testisϩUGT (3.7%) is also possible. An abdominal gonad with UGT differentiation was found in 5.6%, and the only gonad with ovarian differentiation was in the abdominal position (data not shown). Figure 2 shows representative examples of the gonadal differentiation patterns that were encountered in the 45,X/ 46,XY individuals included in this study.
An in situ neoplasia, but no invasive tumor, was found in four different patients (Table 2) . One patient with an EMS of 7.5 of 12 received prophylactic gonadectomy of a right abdominal gonad, which on microscopic examination contained UGT with gonadoblastoma. On the left side, a scrotal testis was present. One patient with an EMS of only one of 12 received prophylactic surgery at the age of 1 yr and was found to have UGT with gonadoblastoma
FIG. 2.
Representative examples of the gonadal differentiation patterns that were encountered in our series of patients with 45,X/ 46,XY mosaicism. A, Normal testis, HE, ϫ200. B, Dysgenetic testis tubules, showing a thin basal lamina, an irregular tubular shape, and increased stromal background, HE, ϫ200. C, Streak, HE, ϫ100. D, Enlargement of C, clearly showing primitive testis cord-like structures (arrows), HE, ϫ200x. E, Ovarian follicles, encountered in only one gonad in our series, HE, ϫ200. F and G, UGT, HE, ϫ200. H, Combined pattern with testis (left) and UGT (right), HE, ϫ100. All tumors in our series were in situ germ cell neoplastic lesions, discovered after prophylactic gonadectomy. There were no invasive tumors. Tumor risk was calculated from the presence of either an in situ neoplasia or preneoplastic changes, as described in Materials and Methods. a P Ͻ 0.001.
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in the left abdominal gonad; the right abdominal testis displayed no neoplastic features. One patient (EMS 1.5 of 12) had a gonadoblastoma in a severely dysgenetic inguinal testis; the right abdominal gonad was a streak. Surgery was performed at the age of 1 yr. The last patient was diagnosed with Turner syndrome after work-up for delayed puberty. None of the treating physicians noticed any clitoral enlargement. However, prophylactic gonadectomy, performed at the age of 16 yr, revealed a testis containing CIS in the right abdominal gonad, whereas the left specimen contained no gonadal tissue. Fifteen gonads, including the four with an in situ neoplastic lesion, in 12 different patients, displayed premalignant characteristics. The prevalence of premalignant lesions was significantly different in the three groups (P Ͻ 0.001) and is represented in Table 2 and Fig. 3A . The three patients with bilateral premalignant lesions had an ambiguous phenotype. Inguinal gonads displayed (pre)malignant characteristics more frequently compared with scrotal or abdominal gonads; however, the difference was not statistically significant (P ϭ 0.09) (Fig. 3B) .
Clinical and hormonal data of individuals with at least one preserved gonad or before gonadectomy were available in seven children, three pubertal boys, and one adult man. These data (summarized in Table 3 ) suggest a moderate to normal testosterone production in childhood and no clear correlation between the EMS at first presentation and testosterone levels. In the four (post) pubertal individuals, pubertal onset was spontaneous and progression through puberty normal. The adult man is infertile but testosterone levels are adequate without hormone supplementation.
Discussion
Tumor risk has been estimated at 15% in 45,X/46,XY individuals (8). However, in clinical practice, histological examination of prophylactically removed gonads in Turner girls with 45,X/46,XY suggests a much lower incidence, whereas no data are available for boys with 45,X/46,XY. Specifically in this group, it is of interest to preserve gonads to allow endogenous hormone production and therefore spontaneous puberty induction and maintenance. In previous years, tools have been developed by our group to recognize germ cells with premalignant characteristics, such as a maturation delay or block of germ cells, an immature environment, and an increased potential to proliferate and to resist apoptosis (13, 18, 20 -23, 32 ) (reviewed in Refs. 7, 8, 19, 34, 35, and 37-39) . It was shown that a combination of these characteristics may lead to CIS or gonadoblastoma, depending on the context of the microenvironment (18, 20, 40, 41) . For CIS, it has been demonstrated that all cases will become invasive over a lifetime period (42) ; for gonadoblastoma this is less clear. This study was undertaken to examine in a large series of patients with 45,X/46,XY, clinically a very heterogeneous group, if the clinical phenotype reflects the gonadal phenotype and tumor risk, and whether this may provide a tool in clinical practice to guide management with regard to gonadal biopsy or gonadectomy in this patient population.
The distribution of the respective cell lines as obtained from peripheral blood karyotyping was not taken into account for this study because previous observations revealed no correlation between peripheral blood karyotype and gonadal karyotype or gonadal differentiation patterns (4) .
Morphological examination of the specimen revealed some interesting findings. First, the absence of gonadal tissue was observed frequently in our series (18%), as in other causes of gonadal dysgenesis (M. Cools, unpublished observation). Although theoretically it cannot be excluded that the surgeon missed the gonad while performing the gonadectomy procedure, this is unlikely, taking into account the frequency of this finding and the experience of the involved surgeons. Therefore, we hypothesize a mechanism in which the gonadal anlage, if unable to develop into a more mature stage, regresses by apoptosis. Second, categorization of gonadal differentiation patterns in 45,X/46,XY was difficult because they represent a continuum between two extremes (normal testis and normal ovary) rather than easily determinable separate entities, as is shown in Fig. 2 . Third, streak, defined as nonfunctional gonadal tissue, or even UGT was often referred to as ovarian-type stroma in official pathology reports, probably due to the background of stromal cells. However, the terminology of ovarian-type stroma was interpret by some clinicians as ovarian tissue (defined by the presence of follicles including germ cells), eventually available for cryopreservation. In fact, irrespective of the clinical phenotype, the finding of ovarian follicles was rare in 45,X/46,XY mosaicism (one of 87 samples), even from tissue removed at a very young age. This is in contrast to observations in 45,X and 45,X/46,XX gonads (43) . Likewise, ovarian follicles in the context of an ovotestes (defined as the copresence of testis and ovarian tissue, including follicles, in one individual) were not encountered in our population, unlike in 46,XX/46,XY chimerism (M. Cools, unpublished observation). Streak tissue (in our series present in 44% of samples) by definition does not contain germ cells, but also in dysgenetic testes and UGT, germ cells were scarce. Increased apoptosis of germ cells has been attributed to a defective microenvironment and impaired meiosis of aneuploid germ cells (44) .
Tumor risk was significantly reflected by the clinical phenotype in our series (P Ͻ 0.001) and revealed to be very high (52%) in cases with an ambiguous phenotype. This group had the highest prevalence of UGT (20.8%), which has been recognized as the precursor lesion for gonadoblastoma (18) (Fig. 1C) . Moreover, testes, if present, were severely dysgenetic in this group and often contained immature OCT3/4-positive cells on the basal lamina, in contrast to patients with mild undervirilization, in whom UGT was less frequently observed (13.3%), and testes had attained a more mature stage, with less pronounced shape irregularity of the tubules and more frequent loss of OCT3/4 expression in germ cells that had reached the basal lamina. Moreover, testes were more often in the scrotal position in this group (Fig. 1A) . Cryptorchidism is known as an independent risk factor for the development of germ cell tumors (45) , which has been related to maturation delay of germ cells (46) . This risk is probably higher in inguinal than in abdominal gonads due to early apoptosis of germ cells in the latter position (Ref. 47 and M. Cools, unpublished observation). In our study, inguinal gonads revealed the highest tumor risk, but this was not statistically significant, maybe due to small sample size (Fig. 3B ). Twenty percent of 45,X/46,XY testes with spontaneous scrotal descent revealed premalignant characteristics, but this number represents in fact only one of five gonads, from an individual with an EMS of 5.5 and so belonging to the ambiguous phenotype group. In interpreting these data, it has to be kept in mind that the differentiation patterns in these gonads and the clinical phenotypes of the patients were very heterogeneous, independently influencing tumor risk, in contrast to studies in patients with simple cryptorchidism. In the phenotypically female group, most gonads were streak or had vanished, resulting in a low tumor risk (Table 1 and Fig.  1C ). Only one of 46 gonads (2.2%), from a 16-yr-old girl with Turner syndrome and a vanished gonad on the contra-lateral side, displayed testis differentiation, notably with CIS. Remarkably, no virilization, not even clitoral enlargement, was noticed in this girl. The reason for the discrepancy between this gonad and the 45 other samples from this group remains unexplained. The phenotype in all our patients revealed some degree of undervirilization. Thus, due to selection bias (obviously, no gonadal specimen were available from individuals who live undiagnosed), we are unable to predict tumor risk in normal males with a 45,X/46,XY constitution, representing in fact the largest clinical group (1). However, from our findings as described above, it can be hypothesized that in these individuals, the risk is low because the clinical picture of a normal EMS score and bilaterally descended testes suggests a (close to) normal testicular differentiation and maturation process. Moreover, the absence of reports in the literature on testicular germ cell tumors in males in whom a 45,X/ 46,XY karyotype was unexpectedly found is in line with this hypothesis.
Functional outcome data in males with at least one preserved gonad were scarce but suggest a sufficiently conserved Leydig cell function to allow spontaneous puberty, with, as expected, high FSH levels, predicting impaired Sertoli cell function, and infertility (48) . However, these preliminary data emphasize the benefit for the male 45,X/46,XY individual if gonadectomy can be avoided. Guidelines for conservative follow-up of these patients, and for the timing and handling of testicular biopsies, are waiting.
In 45,X/46,XY Turner girls, without signs of virilization, tumor risk is low, but the gonadal tissue, if present, in most cases is a nonfunctional streak, making the preservation of these gonads of no use. However, in cases in which the girl is very reluctant to have surgery, or if surgery is contraindicated, gonadectomy can be postponed without great risk.
The question remains whether, in cases of phenotypical Turner syndrome and a diagnosis of 45,X monosomy after routine cytogenetic analysis, additional investigations are warranted to detect hidden mosaicism. FISH analysis with centromere X and Y probes on interphase nuclei, which is reported to be superior to PCR in this context due to a lower number of false-positive results, reveals an additional 46,XX cell line in 30% and a 46,XY cell line in 10% of cases (49) . In view of this high number and in contrast to previous suggestions (8), we currently subscribe to the American College of Medical Genetics guidelines, suggesting routine screening for hidden mosaicism in all 45,X women by additional FISH analysis on 200 interphase nuclei harvested from buccal smear (49) . However, to resolve this long-standing question, we believe it is mandatory to report on tumor incidence in larger series of 45,X/ 46,XY Turner women in whom even discrete signs of virilization, pointing at the presence of some testicular differentiation at the gonadal level, were explicitly sought and excluded.
To summarize, our data suggest that the tumor risk in 45,X/46,XY patients is most pronounced in immature and/or poorly differentiated gonadal tissue and that the degree of testicularization of the gonad (defined as the process of testicular development in its broadest sense) is reflected by the clinical phenotype (19) . This hypothesis can modify our clinical approach to the 45,X/46,XY patient, resulting in an individualized management with regard to tumor risk and gonadectomy (Fig. 4 and Table 4 ). Future research and long-term follow-up of these patients is necessary to demonstrate the safety and benefit of this approach. 
Management guidelines
Mild undervirilization (EMS Ն 7)
Orchidopexy Regular self-examination (every 3 months) and ultrasound (annually) from puberty onward One prepubertal biopsy (ideally between ages 1 and 9 yr or in combination with an orchidopexy procedure) and one post pubertal biopsy (e.g. at 17-25 yr of age) to assess tumor risk by specialized immunohistochemistry In case of premalignant changes (OCT3/4 positive cells on the basal lamina/expression of SCF/presence of UGT) or in situ neoplasia: gonadectomy (or irradiation?) Ambiguous genitalia (EMS Ͻ 7)
See guidelines for mild undervirilization Low threshold to perform gonadectomy (e.g. insufficient hormone production necessitating hormone replacement therapy; impossibility to bring the gonad in a stable scrotal position; suspicion for malignancy on physical examination or ultrasound; immunohistochemical abnormalities related to pre-CIS lesions, such as OCT3/4 positive cells on the basal lamina or positive stem cell factor staining; or presence of UGT on the biopsy) Female phenotype Elective gonadectomy (if patient is reluctant to gonadectomy, consider leaving the gonads in place) Cryopreservation not indicated
The approach to the 45,X/46,XY patient can be individually tailored, based on his/her phenotype, and varies from careful surveillance, (repeated) biopsy, irradiation of a CIS lesion, or prophylactic gonadectomy (see also Fig. 4) .
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